Mycobacterium tuberculosis, the etiological agent of the infectious disease tuberculosis, kills approximately 1.5 million people annually, while the spread of multidrug-resistant strains is of great global concern. Thus, continuous efforts to identify new antitubercular drugs as well as novel targets are crucial. Recently, two prodrugs activated by the monooxygenase EthA, 7947882 and 7904688, which target the CTP synthetase PyrG, were identified and characterized. In this work, microbiological, biochemical, and in silico methodologies were used to demonstrate that both prodrugs possess a second target, the pantothenate kinase PanK. This enzyme is involved in coenzyme A biosynthesis, an essential pathway for M. tuberculosis growth. Moreover, compound 11426026, the active metabolite of 7947882, was demonstrated to directly inhibit PanK, as well. In an independent screen of a compound library against PyrG, two additional inhibitors were also found to be active against PanK. In conclusion, these direct PyrG and PanK inhibitors can be considered as leads for multitarget antitubercular drugs and these two enzymes could be employed as a "double-tool" in order to find additional hit compounds.
three different groups: 1. The targets belong to the same metabolic pathway (series inhibition); 2. The targets are unrelated, but an inhibitor could affect a common substrate (parallel inhibition); 3. The targets are present in series and/or in parallel (network inhibition) [4] [5] [6] . In this context, a new compound targeting novel M. tuberculosis enzymes appears to be an ideal candidate.
Recently, it was demonstrated that two antitubercular compounds 7947882 (5-methyl-N-(4-nitrophenyl) thiophene-2-carboxamide) and 7904688 (3-phenyl-N-[(4-piperidin-1-ylphenyl)carbamothioyl]propanamide) are both prodrugs activated by the EthA monooxygenase that inhibit the activity of the CTP synthetase, PyrG, a novel M. tuberculosis drug target. Moreover, the active metabolite of 7947882, 11426026, was identified and characterized as a PyrG inhibitor, too ( Fig. 1) 
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. PyrG was used for target-based screening of antitubercular compound libraries including the GlaxoSmithKline antimycobacterial compound set (GSK TB-set) 8 leading to the discovery of a series of 4-(pyridin-2-yl)thiazole derivatives as PyrG inhibitors 9 . However, except for one compound, these inhibitors also efficiently targeted the human CTP synthetase 9 . In this work, using microbiological, biochemical and in silico approaches, we continued the characterization of compounds 7947882 and 7904688 and identified a second cellular target, the M. tuberculosis pantothenate kinase (PanK), encoded by the coaA gene 10, 11 . PanK catalyses the first and rate-limiting step in the Coenzyme A (CoA) biosynthetic pathway, where pantothenate (vitamin B5) is converted to 4′-phosphopantothenate, using ATP as a phosphate donor 10, 11 . This pathway is very attractive as a source of novel drug targets because CoA is required both as an essential cofactor and for the regulation of key metabolic enzymes in numerous cellular pathways, such as the biosynthesis and the catabolism of lipids 11 . Moreover, coaA codes for the sole M. tuberculosis PanK enzyme and this is essential both for growth in vitro and in vivo 12 . The PanK crystal structure is available in the apo form or in complex with different inhibitors [13] [14] [15] . The PanK inhibitors identified until now belonged to two classes: 1. Compounds binding to the pantothenate binding site of the enzyme; 2. Compounds interfering with ATP binding. Unfortunately, these PanK inhibitors were either inactive or poorly active against M. tuberculosis growth in vitro probably because of poor bioavailability 14, 15 . Further, in this work, by biochemical and in silico approaches, we identified some new inhibitors of both M. tuberculosis PyrG and PanK enzymes. This finding paves the way for a multitargeting hit compound discovery process, using these two enzymes, in order to develop new antitubercular drugs.
Results
Isolation and characterization of new M. tuberculosis mutants resistant to 7947882 and 7904688. In our previous work, spontaneous mutants resistant to 7947882 and 7904688 were isolated and characterized, and shown to harbor mutations in the ethA (rv3854c) and/or pyrG (rv1699) genes, coding for the activator and the target of both compounds, respectively 7 . In order to better understand the mechanisms of action and resistance of these compounds, new resistant mutants of M. tuberculosis have been isolated, showing cross-resistance to both 7947882, 7904688 and to 11426026, the active metabolite of 7947882 7 ( revealed only a mutation in the coaA gene, coding for the pantothenate kinase (PanK), which catalyses the first step in the Coenzyme-A biosynthesis 11 . Moreover, in addition to the A620G mutation in coaA gene, the 82.21 mutant harbored a second mutation in ethA. Finally, the other six M. tuberculosis mutants (88.3, 88.4, 88.5, 88.9, 88.11, 88.12), that were screened for possible mutations in the coaA, pyrG, and ethA genes, all contained only the same mutation in coaA gene (Table 1) .
These results suggested an additional role for PanK in the mechanism of resistance to these compounds, probably as a second target.
Biochemical validation of PanK as target of 7947882 and 7904688.
To demonstrate if the activated prodrugs and the 11426026 metabolite were able to inhibit PanK, the recombinant wild-type and the Q207R mutant M. tuberculosis enzymes were produced in Escherichia coli and characterized (Table S1 ). The PanK mutant (Q207R) enzyme showed impaired kinetic parameters, particularly regarding the K m value for ATP, which was nearly 20-fold higher than that of the wild-type (Table S1 ). These results suggested that the ATP-binding site of PanK could be involved in the binding to the inhibitors. In fact, a similar situation was found for the PyrG V186G mutant, for which the alteration in the ATP-binding site was responsible for the resistance to 7947882 or 7904688 activated compounds 7 (Table S1 ). To demonstrate the effectiveness of the active metabolites of the two prodrugs on PanK, their effects upon EthA activation were assessed. Each compound was incubated in the presence of EthA and PanK and the residual activity of the latter enzyme was checked during the reaction. In the blank controls, NADPH was omitted from the reaction mixture, to avoid the EthA-catalysed reaction. Under these conditions, PanK retained more than 80% of its activity after 8 hours of incubation. On the contrary, when NADPH was added, PanK lost more than 90% of its activity within the same time (in the presence of either 7947882 or 7904688) (Fig. 2) , confirming that the EthA-activated compounds are also able to inhibit PanK.
The binding of the activated prodrugs to PanK was further investigated by examining the UV-visible spectra of the re-purified enzyme. In particular, the reaction samples were characterized by an additional peak between 300 and 400 nm, characteristic of the compounds but absent in the spectra of the blank reaction (Fig. 2) . These results underlined that the active metabolites of both prodrugs are able to bind PanK, like PyrG.
In order to better analyse the role of PanK as a second target, the direct effects of the previously identified 11426026 active metabolite against wild type and mutant enzyme were then evaluated. This confirmed that the wild type PanK enzyme was effectively inhibited by the compound (IC 50 = 29.3 ± 2.0 μM), whilst the Q207R mutant was practically insensitive (IC 50 >1 mM) (Fig. 3) . Moreover, the kinetic analysis of PanK in the presence of 11426026 demonstrated that the compound acts as a competitive inhibitor towards the ATP binding site, with a Ki of 22.9 ± 1.3 μM (Fig. 3) .
In order to study in depth the binding of 11426026 to PanK, this metabolite was docked within the PanK crystallographic structure (PDB code 4BFW) 12 . From this in silico analysis using Discovery Studio, it has been shown that 11426026 might dock in the PanK ATP-binding site (Libdock score 82.99) (Fig. 3) . The phenyl ring of 11426026 appears to Pi stack with Phe254, while the nitro group may interact with Tyr182. The metabolite also partially overlaps the triazole ligand from crystal structure 14 . This is similar to our observation of its proposed binding in the ATP-binding site of the PyrG structure 7 . These results confirmed that as for PyrG, the active metabolite 11426026, as well as the activated prodrugs, inhibit PanK by binding at its ATP binding site. Besides, these data account for the resistance to these compounds found in the M. tuberculosis mutants with a mutation in coaA gene (Table 1 ). In addition, further confirmation was provided by metabolic labelling of M. tuberculosis strain H37Ra with [14C] acetate that revealed severe inhibition of incorporation of the radiolabel into the lipids 7 , which also could point to interference with CoA metabolism ( Figure S1 ). For this reason, the two prodrugs and 11426026 can be considered as three multitargeting compounds that affect both PyrG and PanK activity.
Searching for multitargeting compounds inhibiting both PyrG and PanK. Taking into account our finding of new multitargeting compounds affecting PyrG and PanK, we wished to investigate if any of the previously identified PyrG inhibitors also had PanK as a second target. In our previous work, two different strategies were followed to identify further PyrG inhibitors:
1. In silico virtual substructure searching of the Collaborative Drug Discovery (CDD) database allowed us to find twelve potential ligands with known antitubercular activity. Four of these compounds were tested in the PyrG enzyme assay revealing only one as an effective PyrG inhibitor (CDD-823953) 7 ( Table 2 ). 2. Target-based screening of the GSK TB-set identified three active inhibitors in the enzyme assay (GS-K1570606A, GSK920684A, GSK735826A) 9 (Table 2) .
Having demonstrated that PyrG and PanK are suitable for a multitargeting strategy as 11426026 was a common inhibitor of both enzymes, all PyrG inhibitors were also assayed for their ability to inhibit PanK.
From the CDD database, compound CDD-823953, active against PyrG, was also found to be a weak inhibitor of PanK (IC 50 = 250 μM). In addition, another compound CDD-934506, which was inactive against PyrG, was shown to inhibit PanK moderately (IC 50 = 40 μM) ( Fig. 4; Table 2 ). Then, these two CDD compounds (CDD-823953 and CDD-934506) were successfully docked into the PanK active site, showing high Libdock scores (Fig. 5) .
From the GSK TB-set, only one compound GSK735826A (out of three) was shown to be active against both PanK (IC 50 = 70 μM) and PyrG ( Fig. 4; Table 2 ). To better investigate the mechanism of action of this inhibitor (GSK735826A), a kinetic analysis of PanK in the presence of different concentrations of the compound was performed. As previously shown for PyrG, GSK735826A was found to act as a competitive inhibitor toward the ATP-binding site of PanK (Ki = 65.3 ± 4.33 μM) (Fig. 4) . All three selected GSK inhibitors (GSK1570606A, GSK920684A, GSK735826A) were also docked in the PanK active site (Fig. 5) . Interestingly, although the three GSK compounds showed a high score when docked in PanK, only one (GSK735826A) was active in the enzymatic assay (Fig. 4) . This finding could be partly due to the different hydrogen-bond acceptors (K147, H179, R238, N277 and H280) in the ATP binding site, which could explain the diverse behaviour of some compounds against the two proteins.
The two common PyrG and PanK inhibitors, CDD-823953 and GSK735826A, both docked similarly to 11426026 in the ATP-binding site of PanK (Fig. 5) .
Overall these data confirm that these two inhibitors are further examples of multitargeting compounds affecting PanK and PyrG activities.
Discussion
The pantothenate kinase PanK is involved in coenzyme A (CoA) biosynthesis, an essential pathway for M. tuberculosis growth and the M. tuberculosis enzyme is significantly different from the human counterparts. For these reasons, PanK was considered a valuable potential drug target 16 . However, recent genetic studies demonstrated that this enzyme shows poor vulnerability, thus reducing its perceived value as a potential drug target 15 . In this investigation, by microbiological, biochemical and in silico approaches, PanK was validated as an additional target of two antitubercular prodrugs (7947882 and 7904688), which primarily affect the M. tuberculosis CTP synthetase PyrG. It is conceivable that, despite its poor vulnerability, the inhibition of PanK could act synergistically with the inhibition of PyrG, thus increasing the activity of these compounds. It is noteworthy that in order to inhibit PyrG these two compounds needed to be activated by EthA monooxygenase, an enzyme known to be the activator of several antitubercular compounds, including ethionamide 17 . EthA activation of the compounds was also demonstrated to be necessary for the inhibition of the wild-type recombinant PanK, while the active metabolite of 7947882, 11426026, was directly active against PanK. This metabolite was then confirmed to affect both PyrG and PanK with a common mechanism of action, and thus it could represent an interesting scaffold for the future development of multitargeting compounds.
The M. tuberculosis CTP synthetase PyrG appears to be druggable because several inhibitors with antitubercular activity belonging to different chemical classes were identified 7, 9 . As we found a common inhibitor of both the PyrG and PanK enzymes, it was reasonable to anticipate that other CTP synthetase inhibitors could inhibit PanK in turn. Consequently, all the PyrG inhibitors, which we had previously characterized, were assayed against PanK. Two compounds firstly identified as PyrG inhibitors CDD-823953 (from substructure searching the CDD database of antitubercular compounds) and GSK735826A (from screening of the GSK library of antitubercular compounds) were shown to affect pantothenate kinase activity as well. It is noteworthy that GSK735826A was not a potent PyrG inhibitor, having rather high IC 50 against the CTP synthetase 9 . Indeed, metabolic labelling of M. tuberculosis cells with [14 C]uracil revealed that this compound exerts lower inhibition of CTP formation than the other two tested 4-(pyridin-2-yl)thiazoles 9 . Nevertheless, GSK735826A was demonstrated to impair lipid metabolism too and this was especially obvious after the longer drug treatment ( Figure S1 ). This inhibition can be attributed to depletion of activated CDP-derivatives, necessary for the biosynthesis of phospholipids, but it could also be related to a decrease in CoA levels, thus explaining the similar effects exerted by all three GSK compounds 9 . Moreover, GSK735826A shows the best antitubercular activity among these three, suggesting a synergistic effect of the simultaneous inhibition of these two targets.
Our docking analysis of both PyrG and PanK crystal structures indicated a low degree of structural homology (10.8% similarity using the default parameters in blast and using needle; data not shown). In the PyrG structure (Fig. 6) , UTP has multiple electrostatic crystal structure interactions with residues from two chains, A/B, including: (1) hydrogen-bonds between UTP and backbone amides of I160A, E161A, T200B, and Q204B; (2) hydrogen-bonding with side chains of S20A and Q204; (3) a salt-bridge between K201B and a phosphate group from UTP. In the PanK structure (Fig. 6) , the binding between PanK and the triazine compound has both hydrophobic and electrostatic components. There are π-stacks between the aromatic rings of the triazine compound and F254/Y235, as well as a methionine-π interaction. Additionally, there is a hydrogen bond between the side K147, H179, R238, N277 and H280 that could accommodate the negatively charged phosphate groups (Fig. 6 ). These differences might go some way to explain why only a few compounds have activity against both proteins. Even if both enzymes are present in man, it is noteworthy that the M. tuberculosis PanK is significantly different from the human pantothenate kinases, both in terms of sequence homology and regulatory properties 14 . By contrast mycobacterial and mammalian CTP synthetases show significant similarity. Nevertheless, we previously produced the recombinant human enzyme, and demonstrated the possibility to identify inhibitors specific for the mycobacterial enzyme, such as 11426026. Notably, the prodrugs 7947882 and 7904688 7 , as well as the GSK , were previously demonstrated to possess a very low toxicity against human cell lines, thus confirming the possibility to inhibit the two enzymes without effects on the host.
In conclusion, we have demonstrated that two essential M. tuberculosis enzymes, PyrG and PanK share some common inhibitors, which paves the way for a "double targeting" approach to drug screening in order to identify more attractive compounds with potential as new antitubercular drugs. Bacterial strains and growth conditions. Cloning steps were performed in Escherichia coli XL1-Blue, following standard methods 18 . E. coli cultures were grown either in Luria-Bertani (LB) broth or on LB agar. M. tuberculosis strains were grown aerobically at 37 °C either in Middlebrook 7H9 medium or on Middlebrook 7H11 agar, both supplemented with 10% OADC Middlebrook Enrichment. When necessary, antibiotics were added at the following concentrations: ampicillin, 100 µg/ml; kanamycin, 50 µg/ml.
Methods
All the experiments with M. tuberculosis H37Rv were performed in Biosafety level 3 laboratory by authorized and trained researchers. Italy) . For the bioinformatic analysis of Illumina data, the repetitive PE and PPE gene families were discarded as well as SNPs and Indels with less than 50% probability. The mutations found in ethA and/or coaA (Rv1092c) gene were confirmed by Sanger sequencing (Eurofins MWG Operon) (Table S2 ).
Expression and purification of M. tuberculosis PanK enzyme. The coaA gene from M. tuberculosis H37Rv was amplified by standard PCR and PCR fragments were cloned in the pET28a vector, to give pET28a/ coaA recombinant plasmid (Table S2) . M. tuberculosis PanK wild type recombinant enzyme was produced fused with a His6 tag in E. coli BL21(DE3) cells grown in LB medium containing 50 µg/ml kanamycin by 12 hours of induction with 0.5 mM IPTG at 25 °C. Cells were resuspended in 25 mM sodium phosphate pH 8.0, 600 mM NaCl (Buffer A) containing 1 mM PMSF and 200 μg/ml DNase, disrupted by sonication, and centrifuged (30,000 g, 50 min). The supernatant was loaded onto a HisTrap crude column (1 ml, GE Healthcare), and washed with 100 mM imidazole in buffer A, then PanK elution was achieved with 250 mM imidazole in the same buffer. The eluted protein was dialyzed in 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5% glycerol, and stored at −80 °C. Sample purity was checked by SDS-PAGE and protein concentration was evaluated by absorbance at 280 nm (ε = 36900 M −1 cm −1 ). The PanK resistant mutant (Q207R) protein was obtained by site-directed mutagenesis on pET28a/coaA recombinant plasmid, using the Quik Change procedure (Agilent) using primers designed to include the desired mutation. The mutant enzyme was expressed and purified as well as the wild-type protein.
Enzymatic activity assays, steady state kinetics and inhibition assays. PanK activity was determined using a continuous spectrophotometric pyruvate kinase/lactate dehydrogenase-coupled assay, measuring the decrease of NADH at 340 nm (ε = 6.22 mM
. Typically, the assays were performed at 37 °C in 50 mM HEPES pH 8.0, 10 mM MgCl 2 , 2 mM ATP, 2 mM pantothenic acid, 0.2 mM NADH, 0.5 mM phospho(enol)pyruvate, 5 units pyruvate kinase and lactate dehydrogenase, 0.5 μM PanK. The reaction was initiated by addition of ATP or pantothenic acid substrate.
Steady-state kinetic parameters were determined by assaying the enzymes at least at 8 different concentrations of their substrates. All experiments were performed in triplicate, and the kinetic constants, K m and kcat, were determined fitting the data to the Michaelis-Menten equation using Origin 8 software. For IC 50 The Ki values were determined using an adapted equation for competitive inhibition (Equation 2) 20 .
In vitro production of the PanK-7947882 and PanK-7904688 metabolite complexes. To obtain the complexes between the EthA-activated metabolite of 7947882 or of 7904688 and PanK, the enzyme (50 μM) was incubated at 37 °C with each compound (0.3 mM) in the presence of the 10 μM of the EthA monooxygenase prepared as previously described 7 . For the blank control, NADPH (0.3 mM) was omitted from the reaction mixture, in order to avoid prodrug activation. At regular intervals, aliquots were withdrawn and PanK activity was measured, to determine the enzyme inhibition levels. The activity measurements were performed as described, but with a final concentration of ATP of 0.2 mM. After 8 hours of incubation, the reaction mixture was loaded on a Ni-NTA column equilibrated in 50 mM potassium phosphate pH 7.5, washed with the same buffer to elute EthA, unbound 7947882 (or 7904688) and metabolite(s). PanK was then eluted with 250 mM imidazole in the same buffer, dialyzed against 25 mM potassium phosphate pH 7.5, 50 mM KCl and concentrated.
Docking. The PanK protein 4BFW was prepared as described previously for PyrG 7 for docking using the default settings of the 'prepare protein' protocol in Discovery Studio 4.1 (Biovia, San Diego, CA). The PanK protein (PDB ID: 4BFW) was used for docking using LibDock 21 . The protocol included 100 hotspots and docking tolerance (0.25). The FAST conformation method was also used along with steepest descent minimization with CHARMm.
